• Alpha activity in left sensorimotor region is inversely related to visuomotor gain.
Introduction
Driving a vehicle is a complex task that involves continuous multisensory integration and sensorimotor transformation; sensory input from auditory, visual, vestibular, and tactile sources are coherently integrated to enable motor control of a moving vehicle. Previously, investigators have demonstrated that the timing and extent of steering wheel movements are, in part, determined by one's visual perception of the vehicle's current heading [1] . In that study, subjects were placed on various fixed heading errors in a driving simulator and the degree to which subjects initially turned the steering wheel was shown to be linearly related to the size of the heading error of the vehicle. This and other studies support the idea that the visual input in the form of heading error is used to determine the initial scaling of a steering wheel correction as opposed to other parameters such as time-to-contact (tau), lane position, or other kinematic variables [1] [2] [3] [4] . In our previous study (using a more naturalistic task where heading errors are not fixed) we quantified this visuomotor transformation by developing a novel metric that determines the relationship between the heading error velocity (dHE) and the steering wheel response magnitude (SWRM) [5] . The dHE (measured in degree/s), is defined as the temporal derivative of the heading error, which serves as a visually derived, continuous error signal. The SWRM (measured in degrees) is considered the motor response to perceived error and is defined as the absolute difference between (1) the angle of the steering wheel at the first peak of the steering wheel response and (2) the steering wheel angle at the moment the steering wheel response is initiated. The novel measure that relates the SWRM to the dHE, is the relative steering wheel compensation (RSWC) and is captured by Eq. (1):
The SWRM is considered to be under open-loop control and therefore for a given dHE it would be expected that the SWRM would be the same (i.e. RSWC would remain constant) [1, 6] . However, as we have shown previously the RSWC changes dramatically suggesting that the brain is changing its calibrated control of the steering wheel. Interestingly, the RSWC is lower after periods of alerting while it is much higher thereafter. Further analysis suggests that these changes in visuomotor gain may be secondary to shifts in control strategy by the incorporation of additional control parameters. Specifically it was discovered that there was a positive correlation between RSWC and the R 2 of
Eq. (1) . Directly, this means that more variance of the SWRM is accounted for with increased RSWC whereas less variance is accounted for with low RSWCs. Therefore, when RSWC is low (alert driving), drivers are incorporating additional control terms to determine the degree to which they turn the steering wheel, which is not captured by Eq. (1) , that account for a larger component of the variance. How these changes are manifested in a region of the brain that has been implicated in sensorimotor transformation is unclear. Additional research has shown that ongoing alpha rhythms tend to desynchronize (i.e. decrease in power) just before the onset of steering wheel responses to lateral perturbation forces imposed on the vehicle and persists throughout the corrective steering phase [7, 8] . This relation between alpha power and steering responses to vehicle perturbations has also consistently been shown to be most strongly associated with central (motor) and parietal (sensorimotor) areas, which is consistent with research involving more simplistic and isolated visual and motor tasks relative to the complex task of driving [9, 10] . That is, eventrelated desynchronization (ERD) of narrowly bandpass-filtered alpha oscillations in occipital areas has been shown to reflect visual processing, and ERD in central regions has been shown to reflect motor planning and execution [11, 12, 13] . In the present study, we investigate a similar measure capable of broadband time-frequency analyses, event-related spectral perturbation (ERSP) within the alpha band (8-13 Hz; hereafter ERSP-alpha) [14] . Based on previous driving research and the related ERSP literature, we posit that changes in the strength of the coupling between steering wheel responses and dynamic heading errors reflect changes or variability in sensorimotor transformation processes, and that such changes should be associated with changes in underlying brain dynamics. Whether this change occurs within or outside of sensorimotor regions in a driving task such as this one is unclear. One possibility is that changes in control are mediated by changes in sensory or motor signals outside of these regions and therefore the sensorimotor regions would show constant activity no matter the size of the gain between visual input and motor output. Alternatively, it is possible that this gain is directly related to the amount of neural activity in regions responsible for this transformation. Accordingly, we examined relations between ERSP-alpha and the RSWC, SWRM, and dHE. If sensory or motor signals are modulated outside of the sensorimotor regions, we would expect no relationship between the RSWC and neural activity. Alternatively if shifts in RSWC are specific to changes in the actual sensorimotor transformation process we would expect significant differences in neural activity according to the levels of RSWC. We observed nonlinear changes in sensorimotor alpha desynchronizations that were related to the RSWC but not to SWRM or dHE independently, even though both of these measures are used in the derivation of RSWC. In sum, these findings suggest that sensorimotor alpha rhythms are associated with sensorimotor transformation processes during driving and further suggest that this alpha activity reflects the relationship between behavioral output and visual input.
Methods

Participants
The participants were neurologically intact, healthy, adult righthand-and right-eye-dominant males (N = 12; age range 27-39). The voluntary, fully informed consent of the persons used in this research was obtained as required by 32 CFR 219 [15] and AR 70-25 [16] in conformance with the World Medical Association Declaration of Helsinki Ethical Principles for Medical Research Involving Human Subjects (http://www.wma.net/en/10home/index.html). Two of the twelve participants were excluded from analyses due to technical difficulties in EEG acquisition. Following a brief description of the study and providing informed consent, the participants completed a demographics form and provided a baseline rating on the Karolinska Sleepiness Scale (KSS) [20] .
Driving task
The participants were allowed approximately 10-15 min of practice to become acclimated to the simulation environment and driving controls (SimCreator, Real Time Technologies, Ann Arbor, MI). Following practice and demonstration of proficiency in lane-keeping and speed control, the experiment commenced. The experiment was conducted inside a sound attenuated test chamber and consisted of a 15-min Calibration period (not reported here) followed by a 45-min Experimental period of continuous driving down a long, straight four-lane highway with no traffic and minimal roadside scenery to maximize the likelihood of inducing a time-on-task fatigue effect [17, 18] . Throughout the Experimental driving task, random perturbations simulating lateral wind gusts were applied by imposing a linearly increasing force to the center of gravity of the vehicle. Perturbation events changed the heading of the vehicle and caused it to veer off course and outside the cruising lane within a few seconds if participants failed to make a compensatory steering wheel response [17, 18, 19] . Perturbations were initiated from either the left or right side of the vehicle in an equiprobable and randomly distributed manner and at variable intervals between 8 and 10 s after participants returned the vehicle to the center of the lane. The perturbation force ceased once the driver turned the steering wheel ≥4°in the compensatory direction, or continued exerting force until the vehicle either went off the shoulder or crossed into the opposite lane, which would trigger an auditory alert to simulate rumble strips. The participants were informed about the perturbations (and experienced them during the practice period) and were provided standardized instructions to maintain the center of the vehicle in the center of the right-most cruising lane using the steering wheel and to maintain vehicle speed as close to the posted speed limit as best they could using the accelerator and brake pedals. The default speed limit was 45 mph but was reduced to 20 mph periodically (on three occasions) for a short distance (approximately one mile) before another 45 mph speed limit sign was encountered. These speed limit changes were implemented to determine whether the participants were obeying the rules of the driving task throughout its duration.
Subjective report measures
In order to quantify subjective perceptions of alertness/drowsiness of the drivers over the course of the 45-min drive, we asked them to verbally report their current level of alertness/drowsiness on a scale from 1 to 9 using the KSS. [20] Subjective reports were acquired prior to initiating the Experimental drive and approximately every 15-min during the drive. During driving, we verbally prompted the participants to verbally respond via intercom so they could respond quickly with minimal interruption of the ongoing driving task.
Driving performance measures
A brief overview of the behavioral methods will be provided here, however for complete details of the metric derivation we refer the reader to our previous paper [5] . We refer to each perturbation event during the 45-min drive as a single trial. In response to a perturbation, participants would turn the steering wheel to prevent the vehicle from leaving the road. The maximum amount that the steering wheel was turned in response to this perturbation was the SWRM. At the moment of steering initiation (response time), we extracted the instantaneous heading error velocity (dHE) which was computed as the numerical derivative of the heading error. All trials over the 45-min of continuous driving data were then segmented into nine 5-min blocks, each of which consisted of approximately 20-25 trials. Within each 5-min block, we applied regression analyses to derive the relation between dHE and SWRM and from the regression analyses we define RSWC as the slope of the regression equation (Eq. (1)). Individual trials were then binned into quartiles within each subject for each of the three measures separately. Since the SWRM and dHE were defined on single trials, histograms of each measure were derived and then separated by binning trials into four quartiles. The RSWC was also binned into quartiles, however since it is derived by aggregating a number of trials and computing a regression across those trials, a small subset of trials may have been assigned membership into different quartiles. For example, the RSWC was computed over 9 five-minute periods and in the process of assigning quartiles a given five-minute period may have some trials assigned to two different quartiles.
EEG acquisition
EEG data were acquired using a 64 (+ 8) channel BioSemi system (Amsterdam, The Netherlands). Continuous recordings were sampled at 2048 Hz and acquired from 64 standard scalp locations (10-10 system; [21] ) referenced online to the Common Mode Sense (CMS) electrode. Six additional channels were also recorded with online reference to CMS: left/right mastoids (M1/M2), two horizontal (left/right; HEOL/HEOR) and two vertical (upper/lower right eye; VEOU/VEOL) electro-ocular electrodes. EEG data were synchronized with the driving simulator and eye tracking systems using an Arduino-based generalpurpose synchronization device [22] . All signal processing was applied using EEGLAB (ver 11.0.0.0b; [23] ; http://sccn.ucsd.edu/eeglab/) and in-house code using MATLAB (R2012a; Natick, MA) on a 64-bit Linux operating system.
EEG pre-processing
The following pre-processing procedures were applied to the EEG data before decomposition using independent component analysis (ICA): (1) re-referenced to the average of the two mastoid electrodes (M1 and M2); (2) bandpass filtered between 1 and 50 Hz using a zero-phase finite impulse response filter (EEGLAB function pop_eegfilt); (3) downsampled to 512 Hz; (4) concatenated data files from the Calibration (15-min) and Experimental (45-min) conditions for each participant; (5) epoched into non-event-locked, adjacent (non-overlapping), 500-ms windows from the beginning to the end of the concatenated files for each participant; (6) applied automatic artifact-rejection algorithms to epoched data using EEGLAB function pop_rejmenu with the following rejection criteria: (a) amplitude threshold (N±100 μV); (b) joint probability (N 5 SD); (c) abnormal trends (max slope 75 μV/500-ms epoch; R-squared limit 0.3); and kurtosis (N 5 SD); (7) visually inspected all epochs and confirmed automatically-tagged epochs containing artifacts (or manually accepted or rejected epochs if incongruent with visual inspection).
Independent component analysis (ICA) and source localization
Following the pre-processing procedures described above, we applied ICA in order to separate brain activity from artifacts, and to isolate independent component processes in or near the sensorimotor cortex. Specifically, we applied infomax ICA to the concatenated, artifact-reduced, 500-ms epoched data files for each participant separately [24, 25] . A single model decomposition was used with default extended-mode training parameters (EEGLAB function runica). ICA parses EEG signals into spatially fixed, maximally temporally independent component (IC) processes [26] . We also derived dipole source localizations for all ICs using EEGLAB plugin dipfit2 and then clustered ICs using k-means clustering based on dipole source locations, power spectra, and event-related spectral perturbations (ERSPs) derived for each IC; all measures were equally weighted with the exception of dipole source locations, which were weighted by a factor of ten. We specified any ICs N 2.5 standard deviations from any cluster centroids to be excluded as outliers and set the k-means cluster number to 18 based on prior research (c.f. 27]]. The results of the clustering yielded several ICs localized within the brain volume representing frontal, central, temporal, parietal, and occipital regions. Because our primary interest was to investigate relations between perturbations of oscillatory alpha rhythms in the sensorimotor cortex and driving performance, we focus here on just two IC clusters: left and right sensorimotor clusters. Results of the kmeans clustering yielded bilateral sensorimotor clusters (left-and right-localized) with clear peaks in the alpha band (8-13 Hz) and changes in ERSPs, each of which were represented by all participants, with the exception that one participant did not contribute a left sensorimotor IC. However, following visual inspection of that participant's ICs, we manually included an IC that most closely resembled the left sensorimotor cluster based on dipole location, scalp map, spectra and ERSP similarity (i.e., so that each sensorimotor cluster contained 10 ICs, one IC contributed from each participant). The Tailarach coordinates for the centroids of the left and right parietal clusters were (−31, −21, 36) and (35, −28, 34) respectively, which localized to symmetric postcentral gyri of the parietal lobes (Brodmann's Area 2) according to the Talairach and Tournoux [28] co-planar stereotaxic atlas (http://www.talairach.org/index.html; see Fig. 1 ). The bilateral sensorimotor clusters are consistent with those observed in previous research across a number of driving studies [7, 8] . Following ICA and clustering, we extracted epochs from the activations of the two sensorimotor ICs centered on the onset of the initial steering response to the perturbations for each trial for each participant.
ERSP analysis
Overall, there were 1896 trials across all 10 subjects. For each trial we derived ERSPs of left and right sensorimotor component activations using a Morlet wavelet (EEGLAB function newtimef). We extracted a 6-s data epoch (− 3 s to + 3 s) centered on the onset of the steering wheel response to perturbations. We calculated the average alpha power (8-13 Hz) in the baseline period (3 s preceding the perturbation) across all trials and subtracted the mean baseline power for each trial (i.e., hereafter referred to as ERSP-alpha). Units are reported in decibels utilizing the mean pre-perturbation alpha power as the reference. We confirmed previous findings of the alpha desynchrony by demonstrating broad band ERSP in Fig. 2 . As is qualitatively shown, there is a wide range of desynchrony across a number of frequencies, however there appears to be a predominance in the alpha band. In subsequent analysis, for each subject, all trials were divided into quartiles for each of three behavioral variables of interest accounting for three of the terms in Eq. (1) (dHE, SWRM, RSWC).
Statistical analysis
We aggregated the trials according to RSWC, which was the main thrust of this paper. We also separately sorted trials according to the dHE and the SWRM for comparison purposes given the novel RSWC measure. We compared differences in ERSP-alpha for each of the three behavioral measures separately binned across four quartiles. After determining ERSP-alpha for each quartile of behavior, we examined the average ERSP-alpha responses across quartiles, Fig. 3 . We observed a period of maximum difference among quartiles between 700 and 1400 ms post-steering response when sorting trials by the RSWC, but sorting by dHE and SWRM revealed no clear differences among quartiles. To further investigate the observed differences between 700 and 1400 ms for RSWC, we analyzed mean ERSP-alpha in each quartile during this time period as shown in Fig. 4. 
Results
Brief synopsis of previous behavioral findings
In a previous study, we examined how the RSWC changed as a function of time-on-task [5] . The results revealed that RSWC was significantly lower during 5-min blocks immediately following verbal queries for subjective fatigue via the intercom than in 5-min blocks preceding and following these brief interruptions. This effect was not present in any of the other measures considered in that study. We also examined whether the magnitude of RSWC was related to the variability accounted for of the SWRM (R 2 of
Eq. (1)). Interestingly, there was a significant, positive correlation between RSWC and R 2 (Spearman's ρ 0.81, p b 0.0001). We inferred from this result that when RSWC is low, drivers are incorporating other terms to determine the scaling of their steering wheel response, whereas when RSWC is high, there is a relatively larger reliance on the visually determined dHE (for a complete discussion see [5] ). 
Behavioral results
For each of the 10 subjects in this study, we divided the trials into quartiles for dHE, SWRM, and RSWC independently. Our first analysis was to ensure adequate separation of the behavioral measures given that quartiles were defined within subjects and that the RSWC involved some blurring of quartile boundaries given its derivation.
We first performed a one way ANOVA on each of these three measures and observed that all were significant: dHE F = 707.65 (3, 05. Subsequent contrast analysis demonstrated that, for each measure, each quartile was significantly different than the other. From this analysis we were confident that our sorting of trials generated significant contrast in behavior that should be reflected in the ERSP-alpha data.
ERSPs of sensorimotor components
After confirming these behavioral differences, we investigated whether they would be reflected by differences in ERSP-alpha in bilateral sensorimotor brain regions. In Fig. 2 we illustrate broadband ERSP dynamics of the left and right sensorimotor sources. As can be seen in this figure, there is a clear desynchronization associated with the response onset that ranges from about 8-30 Hz but is strongest in the alpha band (8-13 Hz). We next examined mean ERSP-alpha in the behaviorally defined quartiles for the three behavioral measures described in Eq. (1) (dHE, SWRM, and RSWC) . Fig. 3 plots the mean ERSP-alpha time series for each of the four quartiles. An obvious maximum difference was apparent in the RSWC-sorted trials which arose around 700 ms and terminated at 1400 ms (gray shaded box). After observing this difference we computed the average ERSP-alpha in this time frame for each subject and quartile and compared them for each behavioral measure. Only left sensorimotor component average in the alpha band demonstrated a significant difference and is plotted in Fig. 4 . Post-hoc analysis using Tukey's HSD demonstrated that Q1 and Q2 were significantly different than Q4 in the left hemisphere. The results for the full ANOVA analysis are presented in Table 1 .
Discussion
The results of this study revealed that desynchronization of eventrelated alpha oscillations in left sensorimotor regions was related to the RSWC. This finding supports the idea that the RSWC represents a sensorimotor transformation and that changes in the magnitude of this transformation are reflected in oscillatory alpha activity. No such relationships were observed for the other measures comprising Eq. (1) (SWRM and dHE) independently. Our conclusion from these two points is that the sensorimotor ICs investigated in this study do not represent either a pure component of visual (dHE) or a pure motor (SWRM) response. What is interesting about this finding is that when RSWC is construed as a measure of gain between visual input and behavioral output we observed less alpha desynchronization associated with higher gain, (i.e., alpha power is closer to baseline) whereas with lower gains we observed greater alpha desynchronization. Previous researchers have shown that alpha ERD is associated with cortical activation while ERS is associated with deactivated or inhibited cortical networks [11, 29] . Interpreted within the context of ERD/ERS and the similar ERSP-alpha measure, one interpretation is that relatively greater cortical activation is required for steering wheel corrections made with smaller gains between visual input and behavioral output. As mentioned previously there is a direct, positive relationship between the RSWC and the R 2 of
Eq. (1). Therefore, when RSWC is low, the incorporation of additional, un-modeled terms determines the steering wheel correction. In this study, we discovered that during periods of low RSWC, neural activity in left sensorimotor regions is high. Combining these two observations we suggest that this neural activity may indicate additional sensory processing, e.g. modalities such as vestibular, auditory, tactile, and interoceptive information that enable more precise control of the steering wheel. This additional sensory information would then comprise the (Fig. 4 ). An omnibus significant difference was found for RSWC sorted trials in the left parietal components but not for dHE or SWRM sorted trials. additional terms to be included on the right side of Eq. (1) and explain more of the variance in the steering wheel correction. In the present study these sources of sensory information were either held constant or not measured however this will be addressed in future work.
It is important to note, that the effect we observe in the data for the left sensorimotor suggests a nonlinear relationship between alpha power and the RSWC. There is no significant effect until the extrema of the data are compared (Fig. 4) . This is interesting because it is possibly indicative of a state change, as there does not appear to be a continuous progression of the time series data (Fig. 3) although there is the suggestion of one in Fig. 4 . One possible reason for this type of pattern is suggested by the nature of the task. As we noted in the Methods section, subjects were queried about their rating of fatigue every 15 min and this had a dramatic reduction of the RSWC compared to subsequent time periods [5] . Combining that study and our current results, it appears that when the RSWC is low (immediately after being alerted by the query) it is a distinctly different state from periods away from this query. As discussed in greater detail below, this type of alerting mechanism seems to have significant effects in the left hemisphere, and manifests as a behavioral difference that has distinct neural underpinnings.
One of the most notable rhythms that demonstrate this type of activity is the mu rhythm, which has been studied extensively and shown to be related to the translation of perception into action [4, 30, 31] . Currently many investigators consider the mu rhythm to be actively involved in gating and/or entraining multiple oscillatory nodes in the brain to support sensorimotor transformation [29, 30, 31] . The central theme in these studies is that the mu rhythm represents an active sensorimotor region able to accept input from other regions in the brain. This is consistent with the aforementioned interpretation of ERSP where the former represents active cortex and the latter represents an inhibited or gated ("closed-gate") region of the brain. Specific to our experiment, this interpretation would suggest that when there is a lower gain between visual and motor task components of driving (i.e., lower RSWC), the larger alpha desynchronization may be related to input from other brain regions (perhaps additional sensory areas mentioned previously) that cause an increase in cortical activity. In contrast, when there is a higher gain between visual and motor task components of driving (i.e., higher RSWC), the more flattened desynchronization suggests that the brain is in a different state, perhaps one of relatively greater automaticity. It is clear from our analysis that the changes we see in ERSP-alpha are not related to the magnitude of the movement (SWRM) or visual input (dHE) alone.
Interestingly, there was a hemispheric difference in the ERSP-alpha associated with RSWC. The left components demonstrated a significant difference between trials sorted by the RSWC whereas the right components were largely similar. Several studies have attempted to disentangle hemispheric differences involved with spatially directed attention and have had mixed results. On the one hand several studies have concluded that spatial attention is a right hemisphere dominated process, particularly in the right parietal region [32] . However this has generally been considered in the context of intrinsic attention, in which vigilance has been the primary focus. Cued attention on the other hand, e.g. our interrogation over the intercom, has demonstrated some left hemispheric predominance [33, 34, 35] . Alternatively, it is possible that the asymmetry we observed could be related to the handedness of our subjects. All of our subjects were right handed and we did not constrain the hand(s) used to operate the steering wheel. It is possible that several subjects drove with a single, right hand and therefore generated the differences we observed in our data.
Conclusions
The goal of this study was to examine brain activity as it relates to RSWC as a measure of visuomotor transformation. We demonstrated a set of conditions under which left sensorimotor components do show significantly less desynchronization when the RSWC is high than when it is lower. The origin of these differences are likely multifactorial, including cognitive influences, attention modulation, and gating mechanisms to sensorimotor areas. Although these factors need to be further disentangled in future research, we infer from our results that the observed differences in ERSP-alpha as a function of the visual and motor processes during responses to vehicle perturbations are related to sensory gating mechanisms. These sensory gating mechanisms may be subject to alerting states in the brain such that more sensory information is used to determine the steering wheel response at times of greater alertness and conversely, less sensory information at times of relatively reduced alertness. It is difficult to delineate a definitive cognitive model that would give rise to these results. However, the transient nature of the observed changes in RSWC are consistent with a mind-wandering model in which drivers transiently shift from internal to external directed attentional states and less supportive of a resource depletion model which would suggest prolonged changes [36, 37] . In this framework, our results suggest that when drivers internally direct attention, there is less cortical activation related to sensorimotor transformation (because the brain relies primarily on a visual sensory modality) because cortical resources are diverted elsewhere. Conversely, when drivers are more alert, we suggest that perhaps the brain integrates more sensory information through open gating to deliver better steering wheel responses with increased cortical activity.
Further research is needed to help unravel the precise meaning of this modulation of alpha desynchrony in sensorimotor sources, especially with respect to the gain between sensory inputs and behavioral outputs. We are currently utilizing network-based approaches to examine cortical networks involved in sensorimotor transformation processes as well as fatigue and alertness.
